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The behavior of liquids has always been a subject of strong interest and still presents many challenging issues. A 
paradigmatic example is the understanding of their atomic-scale collective dynamics. Experimentally accessible 
to inelastic neutron and X-ray scattering, this regime has recently disclosed an unexpectedly rich scenario made 
up of more than one collective excitation. However, experiments lack a fundamental piece of information since 
they cannot distinguish the longitudinal or transverse nature of the detected modes. Here we present an inelastic 
neutron scattering study of the atomic dynamics of water and sulfuric acid, two prototypes of hydrogen bonded 
liquids. We propose a novel method that allows the experimental determination of the nature of the observed 
modes, without resorting to any indirect information. The dynamic structure factors show a complex collective 
dynamics, with two propagating excitations that we describe in the framework of an interacting-modes model. 
The first high-energy excitation is usually assumed to be the prolongation of the longitudinal acoustic mode and 
is characterized by a strong fast sound, which in turn we ascribe to the interaction with the second low-energy 
mode. Our approach confirms the main longitudinal nature of the first mode and unambiguously identifies the 
transverse nature of the second one. Finally, the lifetime of the modes suggests a common origin for the second 
mode, possibly related to the presence of the hydrogen bond network.
1. Introduction

Macroscopically, a liquid at equilibrium is homogeneous and 
isotropic. Its dynamics is well described by classical hydrodynamics, 
where only longitudinal waves can propagate. Microscopically, the liq-
uid phase is characterized by large atomic displacements that coexist 
with strong interatomic interactions. In such a scenario the standard 
theoretical tools used for solids and gases have limited effectiveness [1]. 
Indeed, at the nanometer and picosecond length- and time-scale, i.e. in 
the THz frequency regime, continuous translational and rotational sym-
metries break down, and the atomic dynamics discloses a surprisingly 
rich scenario. Ranging from water [2–5] to liquid metals [6,7], a large 
number of systems shows more than one excitation with well-defined 
dispersion curves up to relatively high exchanged wavevector 𝑄. To 
completely understand the THz dynamics of liquids, we thus have to 
correctly identify the nature of these observed modes. In principle, in-
elastic neutron scattering (INS) and inelastic X-ray scattering (IXS) can 
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detect only the longitudinal component of density fluctuations. Conse-
quently, predominantly transverse modes are visible only through their 
longitudinal projections and must vanish in the hydrodynamic regime. 
Here, we carry out coherent INS experiments to measure the dispersion 
curves of collective modes in liquids. Following a crystal-like approach, 
we work out the single-mode density of states (DOS), that we finally 
compare to the density of states 𝑔(𝜔) measured by incoherent INS. Such 
a comparison provides a quantitative and experimental assessment of 
the nature of the observed modes. We show the validity of this method 
by analyzing the THz dynamics of two hydrogen-bonded model liquids, 
i.e. water and sulfuric acid.

Widely present in nature, hydrogen-bonded liquids represent a par-
ticularly interesting class of systems. Their distinctive feature is the 
presence of an extended but fluctuating hydrogen bond network that 
plays a key role in many chemical and biological processes [8]. Within 
this class, water (H2O) definitely attracted much interest for its anoma-

lous behavior and its prominent role in nature and life [9]. Its THz 
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dynamics is characterized by a dispersive mode accompanied by a 
second, low-lying, non-propagating excitation [2–5]. The behavior of 
the first mode suggests its identification as the longitudinal acoustic 
one, whereas the nature of the low-lying excitation is less defined, 
although it is often ascribed to the local structure of the H-bond net-
work [10,11]. The longitudinal mode has a high-frequency propagation 
velocity 𝑐∞ that is about a factor two greater than 𝑐0, the low-frequency 
one [12,13,3]. This phenomenon is named fast sound and was first ob-
served in molecular dynamics simulations of water [14]. The anomalous 
slow-to-fast sound transition has been alternatively ascribed to struc-
tural relaxations [15] or to an interaction between the two modes [4]. 
These two alternative scenarios use a different formal approach but are 
both based on the interaction of the acoustic mode within a complex en-
vironment. A similar, and partially alternative, view was proposed by 
Ishikawa and Baron [16] who discussed the two observed modes within 
a hydrodynamic model as the interaction of a longitudinal acoustic 
mode and a diffusion-like dynamics. This view can be seen as a variant 
of the relaxation model but the experimental data available nowadays 
are still not accurate enough for a real comparison of these models also 
because there is not substantial difference when used in comparison to 
the data. Interestingly, the transition from 𝑐0 to 𝑐∞ was observed also 
in disordered systems like glasses, where both relaxations and mode in-
teractions are present. However, water and hydrogen-bonded systems 
remain peculiar, with a ratio 𝑐∞∕𝑐0 ≥ 2. Indeed, this was observed in 
systems with different H-bond networks and strength: HF [17] and NH3
[18,19], protein hydration water [20], dry proteins [21], DNA [22], 
deuterated bacteria [23], and even human cell chromatin [24]. An-
other example of hydrogen-bonded liquid is sulfuric acid H2SO4. Well 
known for its role in industrial applications, sulphuric acid is also com-
mon in Nature, both on Earth and in extra-terrestrial space [25]. It is 
present on the icy satellites of the outer Solar System [26], in the atmo-
sphere of Venus [27] and as a contaminant of Earth atmosphere [28]. 
Although chemically different, at room temperature and pressure sulfu-
ric acid shows a structure similar to water, in both the solid and liquid 
phase, with shorter and stronger hydrogen bonds [29–31]. Both systems 
have an almost tetrahedral local arrangement, so that each molecule is 
bonded to other four molecules forming, on the average, a tetrahedral. 
The molecular number density 𝑛𝑚 of H2SO4 (0.0111 molecules/Å3) is 
three times lower than H2O (0.0330 molecules/Å3). This is due to the 
size of the SO4 units compared to the oxygen atom. Notably, in ice a sin-
gle H-atom randomly occupies two possible sites along the O-O bond, 
according to the Pauling rules, whereas in solid sulfuric acid, a single 
H-atom occupies a defined position [29].

2. Materials and methods

Our approach is based on the comparison between collective modes, 
determined from the dynamic structure factor 𝑆(𝑄, 𝜔), and the 𝑔(𝜔). 
These quantities can be obtained by INS: the first on a coherent sam-
ple, the second measuring the self dynamic structure factor 𝑆𝑠(𝑄, 𝜔) on 
a incoherent sample [32]. In the case of water and sulfuric acid, co-
herent/incoherent samples can be easily prepared by exploiting H/D 
isotopic substitution.

Pure water was thus measured as both coherent D2O and incoherent 
H2O. Sulfuric acid, instead, was measured in the form a slightly hy-
drated solution (98 wt%) to ensure good chemical stability, for both for 
the coherent D2SO4 and the incoherent H2SO4.

For D2O and D2SO4, the ratio between the coherent to incoher-
ent cross sections 𝜎𝑐𝑜ℎ∕𝜎𝑖𝑛𝑐 are 3.8 and 7.1, respectively. The single 
scattering intensity 𝐼(𝑄, 𝜔) can be thus safely assumed proportional to 
the 𝑆(𝑄, 𝜔). The dynamic structure factor of D2O was measured on 
IN1 as described in Ref. [4]. The 𝑆(𝑄, 𝜔) of D2SO4 was measured at 
293 K on the three-axis spectrometer IN1 at the Institut Laue-Langevin 
(ILL, Grenoble, France). The sample was loaded in a flat molybdenum 
cell (80 × 35 × 10 mm3, 0.5 mm-thick windows). Inelastic scans were 
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performed at fixed final wave vector 𝑘𝑓 = 6.213 Å−1 with a Cu(400) 
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analyzer, while the incident wave vector 𝑘𝑖 was varied by the low 𝑑-
spacing Cu(331) monochromator. Very tight collimations (25’, 20’, 20’ 
and 20’) were applied from reactor to detector. Data were collected at 
eight 𝑄-values: 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5 and 0.7 Å−1. The elas-
tic energy resolution, measured on a vanadium slab of the sample size, 
was Gaussian-shaped with 1.62 ± 0.03 meV full width at half maximum 
(FWHM). The background was also measured and data were carefully 
reduced according to the procedure described in Ref. [4]. Due to the low 
molecular density (𝑛𝑚 = 0.0111 Å−3), self-absorption and multiple scat-
tering effects were small despite the thick sample and were corrected 
according to Ref. [33].

The density of states of H2O and H2SO4 were measured at the time-
of-flight spectrometer IN5 (ILL, Grenoble, France) with a fixed incident 
energy of 1.132 meV and an elastic energy resolution of about 26 μeV
FWHM, as obtained from a vanadium sample measurement. The sam-
ple was contained in a 0.5 mm-thick hollow quartz cylinder that ensures 
high transmission and reduced multiple scattering. Data were analyzed 
assuming a negligible coherent contributions, given that 𝜎𝑐𝑜ℎ∕𝜎𝑖𝑛𝑐 is 
0.05 and 0.13 for H2O and H2SO4, respectively. Experimental back-
ground and multiple scattering were subtracted using the same proce-
dure of the coherent scattering experiment, taking into account also the 
mixed multiple scattering processes between of cell and sample.

3. Results and discussion

The single scattering intensity 𝐼(𝑄, 𝜔) measured for D2O and D2SO4
is shown in Fig. 1 at some typical 𝑄 values. Spectra are characterized by 
a quasielastic line with inelastic side structures related to the collective 
dynamics of the sample. The quasielastic line of D2SO4 is resolution lim-
ited whereas D2O shows a broadening. Considering the low-frequency 
sound velocity, 𝑐0 = 1320 m/s for D2O and 𝑐0 = 1257 m/s for D2SO4, 
and a linear dispersion, the black arrows mark the expected positions of 
the collective excitations. The obtained values are not consistent with 
the measured inelastic features that extend up to much higher energies 
and clearly show the presence of fast sound in both samples.

The measured intensity 𝐼(𝑄, 𝜔) is proportional to the convolution 
of the experimental resolution 𝑅(𝑄, 𝜔) with the dynamic structure fac-
tor 𝑆(𝑄, 𝜔) = 𝑆𝑞𝑒𝑠(𝑄, 𝜔) +𝑆𝑖𝑛𝑠(𝑄, 𝜔), where the first term describes the 
quasielastic contribution and the second one accounts for the inelastic 
collective features. As already mentioned, the experimental 𝑆(𝑄, 𝜔) is 
sensitive only to longitudinal density fluctuations. Since modes with the 
same symmetry interact with each other, the most general treatment of 
a system with many modes has to include their coupling to reproduce 
the correct inelastic shape. A general description of the interacting-
modes model is found in [7] for the case of liquid metals. Early suc-
cessful applications of this approach include vitreous SiSe2 [34], molten 
zinc [6] and liquid GeTe [35]. The model provides a good description 
of experimental data and anticrossing of dispersion relations [37,36]. 
𝑆𝑖𝑛𝑠(𝑄, 𝜔) is modeled assuming a system of only two interacting oscil-
lators with bare energies ℏ𝜔𝑗 (𝑗 = 1, 2). Starting from the Hamiltonian 
of a system with interacting modes [6,7,34], 𝑆𝑖𝑛𝑠(𝑄, 𝜔) turns out to be:

𝑆𝑖𝑛𝑠(𝑄,𝜔) =
∑
𝑗𝑗′

𝑗𝑗′ (𝑄)𝑆𝑗𝑗′ (𝑄,𝜔), (1)

where 𝑗𝑗′ (𝑄) is a proper structure factor and 𝑆𝑗𝑗′ (𝑄, 𝜔) is the mode-
mode dynamic structure factor. Assuming 𝑗𝑗′ (𝑄) ≃ 𝐴𝑗 (𝑄)𝛿𝑗𝑗′ and the 
presence of only two interacting modes, we can write:

𝑆𝑗𝑗 (𝑄,𝜔) = −𝑛(𝜔,𝑇 ) + 1
𝜋

ℑ
[

𝜒𝑗

1 − 𝜒1𝜒2|𝑈 (𝑄)|2
]
, (2)

where 𝜒𝑗 ≡ 𝜒𝑗 (𝑄, 𝜔) =
{
𝜔2 −𝜔2

𝑗
(𝑄) − Σ𝑗 (𝑄,𝜔)

}−1
is the single-mode 

Green’s function and 𝑛(𝜔, 𝑇 ) is the Bose population factor. The 𝑗th 
mode is characterized by the mode energy ℏ𝜔𝑗 (𝑄) and the self-energy 
Σ𝑗 (𝑄, 𝜔), describing the interaction with the environment. This pro-

duces the large broadening of the mode response, characteristic of all 
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Fig. 1. Experimental data for D2O (first row, open black squares) and D2SO4 (second row, open black circles) at three 𝑄 values: (a,d) 0.2 Å−1, (b,e) 0.35Å−1, and 
(c,f) 0.5 Å−1. The thick red line is the best fit to the data using the interacting-modes model of Eq. (3). The solid green line shows the experimental resolution. The 
blue lines represent the two inelastic components 𝑗 = 1 (solid line) and 𝑗 = 2 (dashed line). The dotted line in D2O is the quasielastic Lorentian contribution. The 
black arrows mark the expected positions of the collective modes, assuming a linear dispersion with sound velocity 𝑐0 = 1320 m/s for D2O and 𝑐0 = 1257 m/s for 
D SO .
2 4

disordered systems. The simplest approximation having the correct 𝜔
dependence, as expected from time causality, is Σ𝑗 (𝑄, 𝜔) ≃ 𝑖𝜔Γ𝑗 (𝑄), 
where Γ𝑗 (𝑄) is the 𝑄-dependent damping coefficient. The real part 
of Σ𝑗 (𝑄, 𝜔) is not present in this approximation. Finally, the coupling 
𝑈 (𝑄) is described by a simple function including an exponential decay 
function 𝑈 (𝑄) = 𝛽𝑄 exp[−𝛼𝑄], is such that the existence of an acoustic 
mode is guaranteed.

Considering the experimental resolution, the quasielastic compo-
nent is well approximated by a 𝛿-function for D2SO4 whereas a further 
Lorentzian broadening term is necessary for D2O. The 𝑆(𝑄, 𝜔) can be 
finally written as:

𝑆(𝑄,𝜔) = 𝑆𝑞𝑒𝑠(𝑄,𝜔) +
2∑
𝑗=1
𝐴𝑗𝑆𝑗𝑗 (𝑄,𝜔), (3)

where 𝐴𝑗 (𝑄) are the amplitudes of the inelastic components. It is worth 
noting that, when 𝑈 (𝑄) = 0, 𝑆(𝑄, 𝜔) is simply the sum of two damped 
harmonic oscillators plus the quasi-elastic contribution. However, the 
interaction between modes can easily explain the slow to fast sound 
transition. Indeed, when 𝑄 → 0, neglecting the damping which is ex-
pected to decrease at low 𝑄, we have 𝑐20 ≃ 𝑐2∞ − 𝛽2∕[ℏ𝜔2(0)]2, where 
𝑗 = 2 refers to the non dispersive mode [4]. This provides a further 
constraint for 𝛽 because 𝑐0 is known. The above model has also some 
connection with the gapped collective mode description recently pro-
posed for liquid Ga [38].

The model of Eq. (3) is rather complex and the fitting parameters 
as well as their stability have to be carefully considered. In particular, 
since the available kinematic range is strongly 𝑄-dependent, different 
approaches have to be used to constraint the fit. For 𝑄 > 0.35 Å−1 all 
the parameters were free. The interaction parameters 𝛼 and 𝛽 are 𝑄-
independent and they were defined by repeating all the fit procedure 
and taking into account the fast sound transition 𝑐0 → 𝑐∞ to determine 
𝛽. In this range, a reduced 𝜒2 ranging between 0.92 and 1.11 was found. 
In the range 0.2 Å−1 < 𝑄 < 0.4 Å−1 Γ1 was fixed according to a linear 
trend extrapolated from the higher momentum data. In the range below 
3

0.25 Å−1 also a fixed 𝜔1(𝑄) = 𝑐∞𝑄 was employed. The so obtained 
low-𝑄 fits were also stable and coherent with the results of the full fit 
performed in the high-𝑄 interval.

Fig. 1 shows the good agreement between the experimental data 
(black symbols) and the fit with Eq. (3) (red line). The individual in-
elastic components (blue lines) are also plotted. The interaction mixes 
up the two inelastic components so that both unperturbed modes con-
tribute to the shape of each 𝑆𝑗𝑗 (𝑄, 𝜔). This is evident in the low-𝑄
region where 𝑆11(𝑄, 𝜔) shows a mild double peak structure in the 
case of D2O. Indeed, the interaction results in oscillator force trans-
fer from one mode to the other, thus making visible the effect of an 
almost invisible transverse mode as a signature present on the always vis-

ible longitudinal mode, see Fig. 1. However, 𝑆(𝑄, 𝜔) is sensitive only 
to longitudinal density fluctuations, so the relative intensity of the two 
components suggests a predominantly longitudinal character for 𝑗 = 1
and a transverse nature for 𝑗 = 2.

Figs. 2(a) and (d) show the dispersion relations of the two bare

energies ℏ𝜔1(𝑄) and ℏ𝜔2(𝑄), as obtained from the fitting procedure. 
The high-frequency mode (𝑗 = 1) shows a linear dispersion and can 
be identified as the high-frequency prolongation of the longitudinal 
acoustic mode. The measured velocities are 𝑐∞ = 3380 ± 50 m/s and 
𝑐∞ = 3360 ± 50 m/s, for D2O and D2SO4 respectively. The 𝑐∞∕𝑐0 ra-
tio turns out to be greater than 2, namely 2.73 ± 0.04 for D2O and 
2.67 ± 0.06 for D2SO4. It is worth noting that the 𝑐∞∕𝑐0 ratio in water 
is even greater than that obtained in the previous analysis done with 
two independent DHO’s. Conversely, the low-lying mode (𝑗 = 2) shows 
a mild 𝑄 dependence with an average energy ⟨ℏ𝜔2⟩ = 7.0 ± 0.3 meV in 
D2O and ⟨ℏ𝜔2⟩ = 4.7 ± 0.8 meV in D2SO4.

The mode damping factors Γ𝑗 are plotted in Figs. 2(b) and (e). The 
two modes show an almost linear trend and Γ2 has similar values both 
in water and in sulphuric acid. Conversely, the 𝑗 = 1 mode shows qual-
itative and quantitative differences as this collective mode propagates 
much better than in water. In particular, Γ1 in D2O is almost twice 
smaller than in D2SO4. In addition, water seems to show some depar-
ture from linearity. Figs. 2(c) and (f) show the ratio Γ𝑗∕𝜔𝑗 . In D2SO4, 
the ratio Γ1∕𝜔1 is almost constant with a value about 1.2, a trend sim-

ilar also to that of liquid metals [39,40]. On the other hand, several 
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Fig. 2. Dispersion curves of the bare energies ℏ𝜔1(𝑄) (black solid symbols) and ℏ𝜔2(𝑄) (black open symbols) of the modes in (a) for D2O (squares) and (d) for D2SO4
(circles). The solid line is the linear fit of the high-frequency longitudinal mode and provides a fast sound velocity 𝑐∞ = 3380 ± 50 m/s in D2O 𝑐∞ = 3360 ± 50 m/s 
in D2SO4. The dashed line highlights the 𝑄 evolution of ℏ𝜔2. Damping parameters ℏΓ1 (black solid symbol) and ℏΓ2 (black open symbols) of the modes in (b) for 
D2O (squares) and (e) for D2SO4 (circles). The solid and dashed lines are the linear fits of their 𝑄 evolution.
glasses [41,43,42] and biological systems [20,22,21] display a linear 
trend of Γ1∕𝜔1, due to a rapidly increasing parabolic trend of Γ1.

The analysis of the 𝑆(𝑄, 𝜔) with Eq. (3) does not allow the identi-
fication of the specific character, either longitudinal or transverse, of 
the two modes. Obviously, in order to be detected, a longitudinal com-
ponent must be present in both modes. However, a more quantitative 
analysis can be obtained by comparing the density of states derived 
from the 𝑆𝑗 (𝑄, 𝜔) to the experimental 𝑔(𝜔).

To determine the experimental density of states, measurements were 
carried out on incoherent H2O and H2SO4 samples. The experimental 
details and the data reduction procedure are detailed in Sec. 2. Once 
obtained the 𝑆𝑠(𝑄, 𝜔), the 𝑔(𝜔) on absolute scale is obtained by the 
𝑄 → 0 extrapolation procedure described in Ref [7].

The resulting hydrogen-projected densities of states are shown in 
Fig. 3 (open black symbols). We now have to connect the information 
obtained from 𝑆(𝑄, 𝜔), i.e. the longitudinal density fluctuations, with 
that contained in the 𝑔(𝜔), i.e. the whole density of states including also 
transverse modes as deduced from the single-atom dynamics [32]. To 
do so, we can calculate the longitudinal component of the density of 
states of each mode:

𝑔𝑗 (𝜔) =
1
𝐾𝑔
𝑛𝑚

𝑄𝑀

∫
0

𝐴𝑗�̃�𝑗𝑗 (𝑄,𝜔)𝑑𝑄, (4)

where �̃�𝑗 (𝑄, 𝜔) is the dynamic structure factor of the j-th mode obtained 
from the fit to Eq. (3) and properly normalized to get ∫ ∞

0 �̃�𝑗 (𝑄, 𝜔)𝑑𝜔 =
1. The integration is done over the volume of the pseudo-Brillouin zone, 
(2𝜋)3𝑛𝑚 = (4𝜋∕3)𝑄3

𝑀
. This gives 𝑄𝑀 = 1.25 Å−1 for water and 𝑄𝑀 =

0.701 Å−1 for sulfuric acid. Finally, the normalization constant 𝐾𝑔 is 
determined from the experimental static structure factor of D2SO4 [30]
and D2O [44].

The two functions 𝑔1(𝜔) and 𝑔2(𝜔) represent the contribution of 
each mode to the density of states with their longitudinal weights |Q̂ ⋅ e𝐻

𝑗
|2 = cos2 𝜙𝑗 , where e𝐻

𝑗
is the eigenvector of the 𝑗th mode at 

the hydrogen sites. A liquid is homogeneous and isotropic, therefore 
one longitudinal and two degenerate transverse modes are expected. 
4

The experimental 𝑔(𝜔) can be thus written as the sum of 𝑔1(𝜔) and 
Fig. 3. Experimental density of states 𝑔(𝜔) projected onto the hydrogen sites 
for (a) H2O (open black squares) and (b) H2SO4 (open black circles). The thick 
solid line is the fit with Eq. (5). The thin solid line and the dashed line show 
the behavior of the two components, 𝑔1(𝜔) and 𝑔2(𝜔) respectively, weighted as 
discussed in the text.

𝑔2(𝜔) weighted by 1∕ cos2 𝜙𝑗 , which accounts for the actual nature of 
the mode. The eigenvectors of the two modes must be orthogonal, there-
fore, if 𝜙1 ≡ 𝜙 then 𝜙2 ≡ 𝜋∕2 − 𝜙 and the two transverse degenerated 
modes produce a single contribution with weight equal to 1∕ sin2 𝜙𝑗 . 

The weight angle 𝜙 can be obtained by comparing the experimental
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Fig. 4. Lifetime 𝜏1 of the mode 𝑗 = 1 for (a) D2O and (b) D2SO4. The thick solid line is the best fit to the data obtained with Eq. (6). The other lines represent the 
three components of Eq. (6): the viscosity one (dashed line) and the two Lorentzians (dotted and dash-dotted ones). (c) Comparison between the lifetime 𝜏2 of the 
𝑗 = 2 mode for D2O (black open squares) and D2SO4 (black open circles). The solid yellow line is the best fit to the data obtained with a single Lorentzian function. 
The dashed part of the line is the hypothetical 𝑄 → 0 behavior of 𝜏 .
2

𝑔(𝜔) to the two components 𝑔1(𝜔) and 𝑔2(𝜔) through the fitting func-
tion:

𝑔(𝜔) =𝑤𝑡
[

1
cos2 𝜙

𝑔1(𝜔) +
1

sin2 𝜙
𝑔2(𝜔)

]
, (5)

where 𝑤𝑡 is a measure of the projection on the H sites which depends 
on the molecular structure. The thick red line in Fig. 3 shows the ex-
cellent fit to the experimental data obtained with Eq. (5) in the range 
0-15 meV, where the collective mode experiments provide an adequate 
information. For water the fit gives 𝜙 = 53◦ ± 2◦, whereas for sulfuric 
acid 𝜙 = 28.4◦ ± 0.3◦. This indicates that in sulfuric acid 𝑗 = 1 has a 
mainly longitudinal character, whereas 𝑗 = 2 has a mainly transverse 
character with an angle 𝜋∕2 − 𝜙 = 61.6 ± 0.3 degs. Conversely, in wa-
ter the longitudinal character is more uniformly distributed among two 
modes. In addition, the hydrogen-projected density of states in water is 
about three times higher, as expected, because the projection on the H 
atoms in the translational region should be roughly proportional to the 
inverse of the molecular mass.

The damping of the modes Γ𝑗 (𝑄) in Fig. 2(b) and (e) can be fur-
ther analyzed by extracting its characteristic relaxation time 𝜏𝑗 (𝑄) =
2∕Γ𝑗 (𝑄). This quantity is shown in Fig. 4 for both D2O and D2SO4. 
While 𝜏1(𝑄), the relaxation time for the 𝑗 = 1 mode, is quite different 
in the two samples, see Fig. 4(a) and (b), 𝜏2 shows similar values sug-
gesting a similar damping mechanism for 𝑗 = 2.

To deepen our analysis of 𝜏1(𝑄), we can exploit available low-𝑄
data obtained from light and ultraviolet Brillouin scattering [45]. For 
𝑄 → 0 only long-wavelength waves propagate and the attenuation can 
be written as Γ(𝑄) = 2𝜂𝑄2, where 𝜂 is the kinematic viscosity [46]. 
Such a contribution is reported in Fig. 3(a) and (b) (dashed line) but it 
cannot account for the high-𝑄 relaxation time. Data can be effectively 
modeled as a sum of three terms, the low-𝑄 viscous attenuation plus 
two Lorentzian functions. The relaxation time 𝜏1(𝑄) turns out to be:

𝜏1(𝑄) =
1
𝜂𝑄2 + 𝜏𝛼 + 𝜏𝛽

= 1
𝜂𝑄2 +

𝐶𝛼

𝑄2
𝛼
+𝑄2 +

𝐶𝛽

𝑄2
𝛽
+𝑄2

, (6)

where 𝐶𝑖 are amplitudes and 𝑄𝑖 critical wavevectors of the 𝑖th process 
with 𝑖 = 𝛼, 𝛽. This simple model shows a remarkable good agreement 
with data, solid lines in Fig. 4. The damping process was described by 
a Lorentian function since it has a finite 3D Fourier transform 𝜏𝑖(𝑟), so 
we can determine the mean square radius of the 𝑖th damping processes ⟨
𝑟2
𝑖

⟩
as:

⟨ 2⟩ ∫ ∞
0 𝜏𝑖(𝑟)𝑟

2𝑑𝑟 6
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𝑟
𝑖

= ∫ ∞
0 𝜏𝑖(𝑟)𝑟4𝑑𝑟

=
𝑄2
𝑖

. (7)
The 𝑄 → 0 viscous relaxation and the 𝑖 = 𝛼 Lorentzian damping pro-
cess have macroscopic character with a root mean square radius of 
about one micrometer. Conversely, the 𝑖 = 𝛽 process is on the molec-
ular scale, and the root mean square radius is equal to 6.5 ± 0.2 Å for 
water and 4.55 ± 0.09 Å for sulfuric acid.

If we consider 𝜏2(𝑄), we cannot extend data to 𝑄 → 0 since the 
transverse mode disappears in the macroscopic limit. In the explored 
𝑄-range, we can try to model the data with a single Lorentzian func-
tion. This limited fit provides a critical value 𝑄𝑐 = 0.6 ± 0.1 Å−1 that 
gives a root mean square radius of 4.0 ±0.2 Å. Moreover, the amplitude 
of the Lorentzian function provides an hint on the macroscopic lifetime 
value of the 𝑗 = 2 mode. This turns out to be 0.42 ± 0.01 ps, which is 
compatible with the H-bond lifetime, as obtained by numerical simu-
lations in water and sulfuric acid-water mixtures [47,48]. This justifies 
the similar damping in the two systems.

4. Conclusions

We studied the collective dynamics of two hydrogen bonded liq-
uids: water and sulfuric acid. These two systems share a similar hy-
drogen bond network although their chemical nature is very different. 
We found that their collective dynamics is mainly made up of two in-
teracting modes. The highest energy excitation is the prolongation of 
the longitudinal acoustic mode and presents a strong fast sound, with 
a remarkably high ratio 𝑐∞∕𝑐0 equals to 2.73 ± 0.06 for water and 
2.62 ± 0.02 for sulfuric acid. The low-lying modes have an average en-
ergy of about 7.0 ± 0.3 meV and 4.7 ± 0.8 meV and display a smooth 𝑄
dependence. The transition between 𝑐0 and 𝑐∞ is well described within 
a mode-interaction model. Following a crystal-like approach, the com-
parison between the total 𝑔(𝜔) and the single-mode density of states 
allows to identify the relative transverse nature of the low-lying mode 
in a direct way. In particular, 𝑗 = 2 shows a major transverse nature in 
D2SO4, where polarization effects appear to be stronger.

In liquid Zn [6] and methanol [11], the existence of such a trans-
verse mode was related to the presence of anisotropic interactions. In 
hydrogen-bonded liquids, these might be ascribed to the directional 
character of the hydrogen bond network, making the observed complex 
dynamics a general distinctive characteristic of such class of liquids. Of 
course, when the probed length scale is increased, i.e. 𝑄 is decreased 
towards the hydrodynamic region, the microscopic structure becomes 
irrelevant and the low-lying mode eventually vanishes, creating a gap 
in the dispersion relation [38]. It is worth noting that the lifetime of the 
𝑗 = 2 modes is almost identical in the two liquids. The similar 𝜏2(𝑄) be-
havior suggests a similar damping mechanism and thus a similar origin 
for the transverse mode. The similarity between 𝜏2(0) and the lifetime 
of hydrogen bonds in water and sulfuric acid supports the origin of the 

𝑗 = 2 mode as the result of anisotropic interactions.



M. Zanatta, A. Orecchini, F. Sacchetti et al.

A still open question concerns the optic or acoustic nature of the low 
energy mode. Molecular dynamics simulations in water suggest that the 
transverse mode has an acoustic nature [49]. However, neither simu-
lations nor experiments can access the very low-𝑄 region and, in both 
acoustic and optic cases, the structure factor of the mode is expected 
to vanish. In addition, in the very low-𝑄 region, a transverse acoustic 
mode should be overdamped and no really acoustic-like behavior can be 
present [50,38]. Therefore this question seems ill defined and deserves 
further consideration.

It is worth noting that the proposed method to determine the lon-
gitudinal or transverse nature of collective modes can be easily applied 
to any system that allows the determination of the density of states. 
Moreover, the planned development of INS instrumentation with polar-
ization analysis will allow to measure both 𝑆(𝑄, 𝜔) and 𝑆self (𝑄, 𝜔) in 
a single experiment in many materials, thus opening the way to a vast 
area of new investigations [7,51].
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